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Abstract
Notch signaling controls formation of joints at leg segment borders and growth of the developing Drosophila leg. Here, we identify the
odd-skipped gene family as a key group of genes that function downstream of the Notch receptor to promote morphological changes
associated with joint formation during leg development. odd, sob, drm, and bowl are expressed in a segmental pattern in the developing leg,
and their expression is regulated by Notch signaling. Ectopic expression of odd, sob, or drm can induce invaginations in the leg disc
epithelium and morphological changes in the adult leg that are characteristic of endogenous invaginating joint cells. These effects are not
due to an alteration in the expression of other genes of the developing joint. While odd or drm mutant clones do not affect leg segmentation,
and thus appear to act redundantly, bowl mutant clones do perturb leg development. Specifically, bowl mutant clones result in a failure of
joint formation from the distal tibia to tarsal segment 5, while more proximal clones cause melanotic protrusions from the leg cuticle.
Together, these results indicate that the odd-skipped family of genes mediates Notch function during leg development by promoting a
specific aspect of joint formation, an epithelial invagination. As the odd-skipped family genes are involved in regulating cellular
morphogenesis during both embryonic segmentation and hindgut development, we suggest that they may be required in multiple
developmental contexts to induce epithelial cellular changes.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Segmentation of the Drosophila leg serves as a model for
elucidating the molecular mechanisms involved in promot-
ing the subdivision of growing tissues into repeating seg-
mental units (Rauskolb, 2001). The adult Drosophila leg is
composed of nine segments, with each segment separated
from the next by a flexible joint (Fristrom and Fristrom,
1993). Segmentation of the leg is established at the molec-
ular level during larval development. During this period, the
leg develops from an initial cluster of 20–40 undifferenti-
ated cells, the leg imaginal disc, which undergoes a phase of
rapid tissue growth to approximately 1000-fold more cells
(Cohen, 1993). The key genes involved in leg segmentation
are both expressed and required during these larval stages to
ultimately regulate the segmentation and growth of the
Drosophila leg.
Initially, the leg disc is divided into anterior and posterior
compartments (reviewed in Irvine and Rauskolb, 2001).
Signaling from the posterior to anterior compartment in-
duces expression of the secreted signaling molecules Wing-
less and Decapentaplegic, which act together to regulate
expression of the broadly expressed proximodistal pattern-
ing genes homothorax, dachshund, and Distal-less (Abu-
Shaar and Mann, 1998; Basler and Struhl, 1994; Diaz-
Benjumea et al., 1994; Lecuit and Cohen, 1997; Milan and
Cohen, 2000; Wu and Cohen, 1999). These proximodistally
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expressed genes, in turn, act in a combinatorial manner to
regulate expression of the molecules controlling segmenta-
tion, the Notch ligands Serrate (SER) and Delta (DL), and
the Notch modulator fringe (Rauskolb, 2001). The Notch
ligands and fringe are consequently expressed in a segmen-
tally repeated pattern, one ring of expression per future leg
segment, just proximal to the cells destined to form the
segment boundary (Bishop et al., 1999; de Celis et al., 1998;
Rauskolb, 2001; Rauskolb and Irvine, 1999). This segmen-
tally repeated pattern of expression results in the localized
activation of the transmembrane receptor Notch within each
presumptive leg segment. Ultimately, upon Notch activation
and processing events, the intracellular domain of Notch
translocates to the nucleus, resulting in transcriptional reg-
ulation of target genes (Artavanis-Tsakonas et al., 1999).
Notch signaling is central in controlling both segmentation
and growth of the Drosophila leg. Clones of cells mutant for
Notch, Notch ligands, or fringe, result in fusions between
leg segments and reduced leg growth (de Celis et al., 1998;
Rauskolb and Irvine, 1999). Notch signaling is also suffi-
cient to promote leg segmentation and growth, as ectopic
segment borders (joints) and local cell growth are induced
when Notch is activated at ectopic sites within the leg
(Bishop et al., 1999; de Celis et al., 1998; Rauskolb and
Irvine, 1999).
The identification of genes downstream of Notch that
trigger the morphological and cellular changes occurring
during segmentation of the leg and that promote leg growth
is crucial to our understanding of how segmentation occurs
during tissue growth. Although a number of genes regulated
by Notch signaling in the leg have been identified, few have
been further characterized and shown to be required for
proper leg development (Bishop et al., 1999; Brodsky and
Steller, 1996; Buckles et al., 2001; Cifuentes and Garcia-
Bellido, 1997; de Celis et al., 1998; Kerber et al., 2001;
Monge et al., 2001; Rauskolb and Irvine, 1999; Villano and
Katz, 1995).
Previous studies have demonstrated that odd-skipped
(odd) is a downstream target gene in the leg that is posi-
tively regulated by Notch activation (Rauskolb and Irvine,
1999). odd is of particular interest because it is expressed in
a segmentally repeated pattern in both embryos and leg
discs and is required for embryonic segmentation (Cohen,
1993; Coulter et al., 1990; Coulter and Wieschaus, 1988;
Nusslein-Volhard and Wieschaus, 1980; Rauskolb and Ir-
vine, 1999). This raises the intriguing possibility that odd
may also be required for segmentation of the Drosophila
leg. odd encodes a zinc finger-containing (C2H2) protein
and regulates the expression of other embryonic segmenta-
tion genes (Coulter et al., 1990; DiNardo and O’Farrell,
1987; Mullen and DiNardo, 1995). In addition to odd, three
other genes in the Drosophila genome, brother of odd with
entrails limited (bowl), sister of odd and bowl (sob), and
drumstick (drm), display extensive homology to the zinc
finger DNA-binding domain of odd, although no significant
homology extends beyond this domain (Green et al., 2002;
Hart et al., 1996; Wang and Coulter, 1996). The odd, sob,
and drm genes are clustered together on the second chro-
mosome, at 23F6–24A2, while bowl maps to 24C3-C4. It is
likely that odd, sob, and drm share regulatory enhancers, as
they have a near identical expression profile during embry-
ogenesis, although their expression levels differ (Green et
al., 2002; Hart et al., 1996). However, only odd has been
shown to be required for embryonic segmentation; there are
no extant mutations in sob, and drm mutants do not affect
segmentation, but rather have defects in hindgut and prov-
entriculus morphogenesis (Coulter and Wieschaus, 1988;
Green et al., 2002; Nusslein-Volhard and Wieschaus, 1980).
Thus, these genes may act redundantly in some tissues, but
independently in others, depending on their relative expres-
sion levels or because of their interaction with other proteins
in that particular tissue.
bowl, on the other hand, is expressed in a largely distinct
pattern during embryogenesis (Wang and Coulter, 1996).
Expression is initially detected at the poles of the embryo,
reflecting the role for bowl in specifying terminal cell fates
in the embryo. bowl is also weakly expressed in a segmen-
tally striped pattern and bowl mutants occasionally have
defects in embryonic segmentation, as some segments are
sometimes absent (Hart et al., 1996; Wang and Coulter,
1996).
In this manuscript, we investigate the role of the odd-
skipped family of genes during Drosophila leg development
in order to gain further insight into the molecular mecha-
nisms of segmentation of growing tissues. We demonstrate
that all four genes are expressed in a segmentally repeated
pattern during leg development. odd, drm, and sob are each
sufficient to induce morphological changes associated with
joint formation during segmentation. Moreover, bowl mu-
tant clones result in an absence of segmentation in the distal
leg. Together, our results demonstrate that the odd-skipped
family of genes acts downstream of Notch activation to
promote aspects of Drosophila leg segmentation.
Materials and methods
Construction of UAS lines
UASdrm is described in Green et al. (2002). To construct
UASodd, the odd cDNA was cloned as an EcoRI fragment
from clone 7.4 (Coulter et al., 1990) and ligated into the
EcoRI site of pUAST. UASsob was made by PCR ampli-
fying the sob gene containing 200 bp of 5 UTR and 30
bp of 3 UTR with EcoRI- and XhoI-tagged primers (5-
TTTGAAAGCGTGACTAAGAC-3 and 5-AGTGGG-
TATCAAAGAGTGAG-3) from cn bw sp cDNA, digest-
ing the resulting DNA fragment with EcoRI and XhoI and
ligating it into the pUAST vector. [y UAS]bowl was made
by P element replacement of P{lacW}bowlk08617 (Johansen
et al., 2003). Another UASbowl line, created using the
pUAST transformation vector, was also tested, but gave
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weaker phenotypes than those described for [y UAS]bowl.
Several independent transformant lines for each construct
were obtained, giving phenotypes similar, although in some
instances weaker, to those described here; the lines
described here are: UASodd[A], UASsob[15.1],
UASsob[10.1], [y UAS]bowl, and UASdrm[70E] (Green
et al., 2002).
Drosophila strains, generation of mutant clones, and
ectopic expression
Oregon-R flies were used as “wild-type.” Enhancer trap
lines oddrK111 and bowlk08617, mutant alleles drm3, bowl1,
oddrK111, and a recombinant drm3 bowl1 were also used
(Green et al., 2002; Rauskolb and Irvine, 1999; Wang and
Coulter, 1996; Flybase). Df(2L)drmP2 deletes from tim to
odd, and hence approximately 30 predicted genes (Green et
al., 2002). oddrK111 is embryonic lethal with embryos dis-
playing a strong odd mutant phenotype; inverse PCR maps
the insertion within the odd transcription unit, upstream of
the translation start site (I.H. and C.R., unpublished obser-
vations). bib-LacZ[4163] is an enhancer trap in big brain
(I.H. and C.R., unpublished observations). E(spl)m-
LacZ[7a] is described in Cooper et al. 2000.
Mutant drm, odd, bowl, and drm bowl clones for exam-
ination in adult legs were induced in larvae 48–72 h after
egg-laying (AEL) at 25°C in larvae of the genotype y w
hsFLP/; drm3 FRT40A/y FRT40A, y w hsFLP/;
oddrK111 FRT40A/y FRT40A, y w hsFLP/; bowl1
FRT40A/y FRT40A, y w hsFLP/; drm3 bowl1
FRT40A/y FRT40A or y w hsFLP/; Df(2L)drmP2
FRT40A/y FRT40A. Clones were identified by the pres-
ence of the cuticular marker yellow. To make Minute clones
for examination in adult legs, a stock was first made in
which FRT40A was recombined onto a M(2)25A P(f)30B
chromosome to eventually generate the stock y w hsFLP f;
M(2)25A P(f)30B FRT40A/CyO. Females of this genotype
were crossed to males of the genotype y w; bowl1 FRT40A/
CyO or drm3 bowl1 FRT40A/CyO, larvae heat-shocked
48–72 h AEL at 25°C, and pharate adult males examined
for the presence of clones by identifying forked bristles.
Examination of bowl mutant clones in imaginal discs was
performed in larvae of the genotype y w hsFLP/; bowl1
FRT40A/2Myc FRT40A with clones induced 48–72 h
AEL at 25°C.
For ectopic expression studies, ptcGAL4 UASGFP or
DllGAL4 flies were crossed to UASodd[A] (at 18°C),
UASsob[15.1] (at 25°C), UASsob[10.1] (at 29°C),
[y UAS]bowl (at 29°C), UASN34a (at 18°C; Doherty et
al., 1996), or UASN:ECN[1T2] (at 25°C; Brennan et al.,
1999). FLP-out clones were generated as described previ-
ously (Rauskolb, 2001), using AyGAL4 UASGFP (Ito et
al., 1997; Struhl et al., 1993). The cuticular marker yellow is
used to identify these clones in the adult leg. Clones were
induced 48–72 h AEL at 25°C. For ectopic expression of
drm, UASdrm[70E] (Green et al., 2002) was used. In some
of the experiments examining cellular behavior, we crossed
ptcGAL4 UASGFP to oddrK111, oddrK111; UASodd[A], or
to UASN34a oddrK111. Adult legs were mounted in Fau-
re’s mountant (Ashburner, 1989), examined on a Zeiss Ax-
ioplan 2 microscope, and photographs taken with an
Optronics digital camera.
Expression studies
In situ hybridization to mRNA was performed as de-
scribed (Rauskolb, 2001) using the following probes: odd
cDNA clone 7.4 (Coulter et al., 1990), bowl subclone pB-P
(Wang and Coulter, 1996), drm EST clone LD26791
(BDGP), and sob cDNA clone pBS(KS)sob, an EcoRI XhoI
subclone of pUASsob, described above. Antibody staining
and RNA in situ hybridization double-labeling experiments
were performed as described in Rauskolb and Wieschaus
(1994).
Antibody staining was performed as described previ-
ously (Panin et al., 1997; Papayannopoulos et al., 1998), and
images were collected by using a Leica TCS SP confocal
microscope. The following antibodies were used: rat anti-
SER (Papayannopoulos et al., 1998), mouse anti-DL
(DSHB), rat anti-DE-cadherin (Oda et al., 1994), rabbit
anti-MYC (Santa Cruz Biotechnology), mouse anti-NUB
(Averhof and Cohen, 1997), and goat anti--GAL (Biogen-
esis). Alexa546-labeled phalloidin was purchased from Mo-
lecular Probes. X-Gal stains were performed as described
(Irvine et al., 1991).
Results
odd, sob, drm, and bowl are expressed in a segmentally
repeated pattern during leg development
odd expression during leg development has previously
been defined by an embryonic lethal enhancer trap insertion
in the odd locus, oddrK111 (Cohen, 1993; Rauskolb and
Irvine, 1999). To confirm that this expression faithfully
represents the endogenous gene expression pattern, in situ
hybridization to leg discs using an odd probe was per-
formed. Moreover, as the odd-skipped family genes are
segmentally expressed during embryogenesis, we sought to
determine their expression during leg development and how
this expression compares with that of odd (Green et al.,
2002; Hart et al., 1996). During development, the leg disc
will ultimately give rise to a cylindrical adult leg, and thus
the expression of genes in a segmental pattern is observed as
a reiterated pattern of concentric rings in the leg imaginal
disc (Cohen, 1993). We found that all four odd-skipped
family genes are expressed during leg development in seg-
mentally repeated patterns; the expression profiles of odd,
sob, and drm are identical, while that of bowl is distinct.
odd, sob, and drm are expressed in a narrow band of cells
at the distal edge of each presumptive leg segment, except
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in tarsal segments 1–4 (Fig. 1A–D, G, and H). Robust
expression of drm is consistently observed, while both odd
and sob are expressed at lower levels. Endogenous expres-
sion of odd is identical to that previously observed for
oddrK111 (Fig. 1C and D). Comparison of drm and sob
expression to that of oddrK111-driven -galactosidase expres-
sion confirmed that all three genes are expressed in the same
cells (Fig. 1I–K). Expression of drm was further character-
ized at different stages of leg development (Figs. 1A and B,
and 2C and D). In early third instar discs, expression is first
observed in a proximal ring, corresponding to the presump-
tive coxa (data not shown). As development proceeds, pro-
gressively more distal rings of drm expression are added,
until the full complement of five segmental rings is ob-
served by the end of larval development. This progressive
increase in the number of rings of drm expression is similar
to the previously observed progressive increase in Notch
ligand expression in the leg (Rauskolb, 2001).
Notch activation occurs in a narrow stripe of cells within
each presumptive leg segment, just distal to cells expressing
the ligands SER and DL (Bishop et al., 1999; de Celis et al.,
1998; Rauskolb, 2001; Rauskolb and Irvine, 1999). We
therefore compared the expression of oddrK111 (and thus
presumably also odd, sob, and drm) with that of SER and
DL to determine whether odd-driven -galactosidase ex-
pression is observed in cells in which Notch is activated.
Indeed, oddrK111 expression was observed in cells directly
adjacent, and distal, to ligand-expressing cells (Fig. 2A and
B). Thus, odd (and drm and sob, as well) might be direct
targets of Notch activation. In support of this notion, ectopic
activation of Notch within the leg induces the expression of
oddrK111, drm, and sob (Fig. 2E, data not shown; Rauskolb
and Irvine, 1999). Further, expression was reduced in cells
along the anterior–posterior (A-P) axis of the leg when
Notch activity was inhibited in a stripe of anterior cells at
the A-P compartment boundary by expression of the extra-
cellular domain of Notch, which acts as a dominant-nega-
tive receptor (Fig. 2F).
bowl is also segmentally expressed in the developing leg,
although its expression is not as restricted as that observed
for the other three genes. bowl is expressed in a broad stripe
within each presumptive leg segment, including tarsal seg-
ments 1–4, in a pattern that appears overlapping with, but
also broader than, that of odd, sob, and drm (Fig. 1E, F, L,
and M). The bowlk08617 enhancer trap is also expressed in
developing leg discs, in both larval third instar and pupal
discs, in a pattern similar to that observed for the endoge-
nous bowl transcripts (Fig. 1L and M).
Taken together, these results indicate that the odd-
skipped family genes are candidate effectors of the influence
of Notch on Drosophila leg segmentation. However, given
that odd, sob, and drm are expressed identically, they may
act redundantly in this process. bowl, on the other hand, may
act independently, especially within the distal leg, as it is
expressed more broadly and is the only gene family member
expressed within tarsal segments 1–4.
Fig. 1. odd, sob, drm, and bowl are segmentally expressed during leg development. RNA in situ hybridizations to late third instar leg imaginal discs, using
(A) drm, (C) odd, (E) bowl, and (G) sob as probes. RNA in situ hybridizations to everting pupal leg discs, using (B) drm, (F) bowl, and (H) sob as probes.
(D, L) X-Gal stains of late third instar discs from (D) oddrK111 and (L) bowlk08617. As seen in (A–D, G), odd, sob, and drm are also expressed in a single tube
of cells that may be glial cells, that run through the center of the disc (arrowheads), as had been previously noted for odd-LacZ (Cohen, 1993). (I) Double-label
antibody and RNA in situ hybridization to third instar leg disc, using antibodies against -galactosidase to detect expression from oddrK111 (in brown) and
a drm (in purple) probe. (J, K) High magnification of some cells in tarsal segment 5 coexpressing (J) oddrK111 (in brown) and drm (in purple) and (K) oddrK111
(in brown) and sob (in purple). In both instances, the nuclei stain brown because of odd-LacZ expression, while drm or sob RNA (in purple), respectively,
surrounds the nuclei. (M) Double-label antibody and RNA in situ hybridization to an everting pupal leg, using antibodies against -galactosidase to detect
expression from bowlk08617 (in brown) and a drm probe (in purple) to detect drm transcripts. co, coxa; tr, trochanter; fe, femur; ti, tibia; ta, tarsal segment.
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odd, sob, and drm might act redundantly during leg
development
We first focused our analysis on the odd-skipped family
genes that are expressed in a similar pattern, namely odd,
sob, and drm. To assess the normal role of odd and its
cognate genes during leg development, we analyzed mutant
clones for those genes for which mutants are available. We
found that neither odd nor drm mutant clones had a detect-
able effect on leg segmentation or leg growth (Fig. 3A and
3B). Thus, odd and drm may not have a role during leg
development, they may act redundantly, or their function
may be masked by the presence of sob. Since neither a
single mutation in sob nor a deficiency removing only odd,
sob, and drm is available, the contribution of sob to leg
development or potential redundancy amongst these genes
could not easily be addressed. The Df(2L)drmP2 (Green et
al., 2002), a large deficiency removing drm, sob, and odd, as
well as about 30 other genes, appears to be cell lethal, as
mutant clones could not be recovered in the adult leg (data
not shown).
Ectopic expression of odd, sob, or drm promotes leg
segmentation
Although determination of the requirement for odd, sob,
and drm in leg segmentation is complicated by their poten-
tial redundancy, ectopic expression has the possibility to
reveal whether any of these three genes is sufficient to
promote aspects of segmentation in the developing leg.
Moreover, if odd, sob, and drm are important downstream
effectors of Notch activity, then ectopic expression of these
genes should give phenotypes similar to those observed
with ectopic Notch activation, namely induction of segmen-
tation and/or tissue growth. To test the functional potential
of odd, sob, or drm, we made UAS expression constructs
allowing for either patterned misexpression or generation of
FLP-out clones during leg development and examined the
resulting phenotypes in adult legs.
Importantly, ectopic expression of odd, sob, or drm can
induce deep creases in the leg cuticle that resemble ectopic
joint-like structures (Fig. 4A and B, and D–F). The pheno-
type obtained upon ectopic expression of these genes along
the A-P axis of the leg (Fig. 4A) is similar to that observed
with ectopic expression of a constitutively activated form of
Notch (de Celis et al., 1998; Rauskolb and Irvine, 1999).
The ectopic expression of these genes was not associated
with altered Notch ligand expression (data not shown), and
thus these genes appear to function solely downstream of
Notch activation. In addition, broad misexpression of odd,
sob, and drm resulted in tarsal segment fusions (Fig. 4A–C),
as had also been previously observed with broad misexpres-
sion of activated-Notch (Bishop et al., 1999; de Celis et al.,
1998; Rauskolb and Irvine, 1999). This result implies that,
for normal leg development to occur, odd, sob, and drm
must be expressed in a segmentally repeated pattern.
To address whether odd, sob, and drm behave cell au-
tonomously, we made small patches of cells expressing the
gene of interest using the FLP-out GAL4 technique (Ito et
al., 1997; Struhl et al., 1993). Significantly, FLP-out clones
of odd, sob, or drm were each capable of inducing an
Fig. 2. odd-skipped family members are regulated by Notch signaling. (A)
Late third instar leg disc stained with antibodies detecting SER (red) and
oddrK111 (odd-LacZ; green) expression. Expression of odd-LacZ in the
femur, for example (bracket), is distal (toward the center of the disc) to that
of SER. (B) Everting pupal leg disc stained with antibodies detecting
oddrK111 (odd-LacZ; red) and DL (green) expression. (C–F) drm in situ
hybridizations to (C) wild-type early-mid third instar leg disc, (D) wild-
type mid-third instar leg disc, (E) leg discs with FLP-out clones of con-
stitutively activated-Notch. drm expression is induced (arrow). (F) leg
discs with ptcGAL4 UASECN. drm expression is absent in the anterior half
of ta5 (arrow). Asterisks also denote diminished expression in more prox-
imal segments, although the effects on drm expression are weaker because
ptcGAL4 UASECN has only minor effects in proximal segments. co, coxa;
tr, trochanter; fe, femur; ti, tibia; ta, tarsal segment.
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Fig. 3. odd and drm mutant clones do not affect leg segmentation. (A) oddrK111 mutant clone (outlined and marked with yellow) spanning the tibia–tarsal
segment 1 joint. (B) drm3 mutant clone (outlined and marked with yellow) spanning the tibia–tarsal segment 1 joint. (C) drm3 bowl1 mutant clone (marked
with forked) in a Minute background. The clone comprises almost the entire anterior compartment. co, coxa; tr, trochanter; fe, femur; ti, tibia; ta, tarsal
segment.
Fig. 4. Ectopic expression of odd, sob, or drm induces ectopic joint-like structures. (A) ptcGAL4 UASodd. A deep crease extends along the A–P axis of the
leg, from the tibia to tarsal segments (arrows). (B) ptcGAL4 UASsob tarsus. Arrows indicate ectopic creases along the A–P axis. (C) DllGAL4 UASsob.
Tarsal segments are fused and there are two sets of sex combs (arrowheads). (D, E) FLP-out UASodd clones in the tarsus. The yellow bristles of the clone
are marked by asterisks. Arrows denote where creases in the cuticle have formed. Note that in (E) very few bristles have formed within the clonal tissue
(outlined). (F) FLP-out drm clone in the tibia. The yellow bristles of the clone are marked by asterisks. Deep creases have formed around the clone (arrows).
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indentation in the cuticle, in a largely cell-autonomous man-
ner, and such alterations could occur anywhere along the
proximodistal axis of the leg (Fig. 4D–F). In some in-
stances, a crease in the cuticle was induced around the
FLP-out clone (Fig. 4D and F), while in other instances, all
the cells of the clone appeared to invaginate and form an
indentation in the cuticle (Fig. 4E). In these latter instances,
we often found a lack of bristles within the clone. One
interpretation of these observations is that these cells are
now fated, by virtue of their expression of odd, sob, or drm
to become “joint-like” cells, which indent and do not make
bristles. We also note that FLP-out clones of odd, sob, or
drm never induce leg tissue outgrowths. By contrast, FLP-
out activated-Notch clones or FLP-out four-jointed clones
(another Notch target gene) do induce leg tissue outgrowths
(Buckles et al., 2001; Rauskolb and Irvine, 1999).
Together, these results indicate that the role of odd, sob,
and drm during leg development may be to initiate cellular
changes associated with joint formation. Since ectopic ex-
pression of these genes does not induce growth of the leg
tissue, they appear to regulate only a subset of the functions
downstream of Notch activation during leg development.
odd and sob can induce changes in cell morphology
similar to those induced upon Notch activation
The formation of a joint is a complex process involving
cell movements and changes in cell shape (Fristrom and
Fristrom, 1993; Mirth and Akam, 2002). To determine
whether odd, sob, or drm might contribute to joint formation
by altering cellular morphology, we ectopically expressed
these genes along the A-P axis of the leg and examined
cellular morphology by staining with anti-E-cadherin or
with phalloidin. Both of these reagents preferentially label
the apical surface of cells, at the level of the adherens
junctions (Muller, 2000; Oda et al., 1994). ptcGAL4 drives
the expression of the gene of interest in a gradient within the
anterior compartment, with the highest levels of expression
at the A-P compartment boundary. The expression of each
gene was monitored by coexpression of GFP.
Normally, in late third instar discs, cells at the tip of the
leg, within the pretarsus, are arranged as a flat epithelial
sheet, with their apical surfaces densely packed and in
register. This is revealed by a straight line of either E-
cadherin or phalloidin staining seen when the discs are
examined in cross-section (Figs. 5A and 6A). By contrast,
when constitutively activated-Notch is expressed along the
A-P axis (ptcGAL4 UASGFP UASN*), cells are induced to
fold into the pretarsus, as an indentation in the epithelial
sheet is observed (Figs. 5B and 6B). When observed in
cross-section, the cells at the A-P border expressing acti-
vated-Notch appear to have invaginated, as they are now
located below the plane of the pretarsal epithelium. How-
ever, they do not lose contact with their neighbors and are
still a continuous part of the epithelial sheet. This invagi-
nation occurs at the border between cells expressing acti-
vated-Notch and nonexpressing cells; in fact, cells in which
Notch is activated appear to nonautonomously induce
neighboring cells to invaginate (Figs. 5B and 6B). Although
similar results were obtained with E-cadherin and phalloidin
staining when examining the behavior of cells expressing
activated Notch, we note that, while E-cadherin expression
is not altered, the invaginating cells have higher levels of
phalloidin staining than their neighbors (Figs. 5B and 6B).
Interestingly, increased phalloidin staining is observed at
the endogenous joints during leg segmentation (Mirth and
Akam, 2002).
Fig. 5. Epithelial invaginations are induced upon Notch activation or
ectopic odd or sob expression. Late third instar leg discs stained with
antibodies against E-cadherin (red) and, in some instances, -galactosidase
to detect odd-LacZ expression (blue). Cells ectopically expressing the gene
of interest simultaneously express GFP (green). Panels focus on the pre-
tarsus; Z-sections are shown below each panel. Anterior compartment is
always to the left. (A) ptcGAL4 UASGFP control disc. The GFP stripe is
intact across the pretarsus (arrow). (A, A) As seen in Z-section, the
epithelial cells are aligned, as evidenced by a straight line of E-cad-
herin staining (arrows). (B) ptcGAL4 UASGFP UASactivated-Notch.
(C) ptcGAL4 UASGFP UASodd. (D) ptcGAL4 UASGFP UASsob. In each
case, a crevice within the pretarsal epithelium forms and the GFP stripe is
interrupted (arrows) as some of the GFP-expressing cells are below the
plane of focus. (B, B, C, C, D, D) As seen in Z-section, in each
example an invagination is induced when cells express either activated-
Notch, odd, or sob (cells in green; arrows). Some nonexpressing neigh-
boring cells are also induced to invaginate (arrowheads).
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Since we showed that odd, sob, and drm are targets of
Notch activation, we asked whether their ectopic expression
might induce changes in epithelial morphology like those
observed with constitutive Notch activation. Strikingly, ec-
topic expression of odd along the A-P axis of the leg gave
identical cellular changes to those observed upon activated-
Notch expression (Figs. 5C and 6C). An invagination with
increased phalloidin-staining levels at its apical surface was
induced and nonautonomous effects on neighboring nonex-
pressing cells were observed (Figs. 5C and 6C cf. Figs. 5B
and 6B). Similar results were obtained upon ectopic expres-
sion of sob (Fig. 5D), while ptcGAL4-driven drm expres-
sion was lethal. Taken together, our data showing similar
morphological changes associated with FLP-out clones of
odd, sob, and drm, and similar cellular changes associated
with ptcGAL4-driven odd and sob, strongly suggest that
each gene can act as an effector of Notch activation to
promote the epithelial cellular changes driving joint forma-
tion.
The developing leg joint is composed of different cell
populations that ultimately contribute to a particular struc-
ture of the adult leg joint (Fristrom and Fristrom, 1993;
Mirth and Akam, 2002). These different cell populations
can be identified in the developing leg disc by the genes that
they express (Mirth and Akam, 2002). Although our studies
show that the odd-skipped family genes can promote one
aspect of joint morphogenesis, epithelial invagination, it
remained possible that this phenotype was the result of a
more general role for these genes in regulating joint fate.
However, this latter possibility does not seem to be the case,
since ectopic odd expression does not activate the expres-
sion of other genes that serve as markers of the developing
joint (Fig. 7). One of these joint markers is nubbin, which is
expressed in proximal joint tissue, just proximal to those
cells expressing odd, sob, and drm (Rauskolb and Irvine,
1999; Mirth and Akam, 2002). We found that ectopic odd
expression does not alter the expression of nubbin in any
region of larval and pupal leg discs (Fig. 7A, E, and F). In
particular, closer examination of the pretarsus, in which the
aforementioned epithelial invaginations were characterized,
shows no change in nubbin expression (Fig. 7F). Examina-
tion of others markers of the presumptive joint, including
E(spl)m, big brain, odd, and drm (de Celis et al., 1998;
Mirth and Akam, 2002), indicated that the expression of
these genes was not induced upon ectopic odd expression,
but rather expression also remained unaffected within the
pretarsus (Fig. 7, and data not shown). We did note that,
during late third instar stages and pupal development, when
ptcGAL4-driven odd expression results in extensive tarsal
segment fusions, the expression of E(spl)m and big brain
is repressed within the developing tarsus (Fig. 7E, and data
not shown). We believe that this disruption of their expres-
sion is a secondary consequence of the fusion of these
segments, as earlier in development their expression is un-
affected by ectopic odd expression (Fig. 7D, and data not
shown). Together, the data are consistent with the idea that
the odd-skipped family genes promote the epithelial cellular
changes characteristic of invaginating joint cells, without
inducing the expression of other joint markers, and hence
these genes appear to have a specific role in joint morpho-
genesis.
Fig. 6. Increased actin levels in cells induced to invaginate upon Notch activation or ectopic odd expression. Late third instar leg discs stained with phalloidin
(red). Cells ectopically expressing the gene of interest simultaneously express GFP (green). Panels focus on the pretarsus; Z-sections are shown below each
panel. Anterior compartment is to the left. (A) ptcGAL4 UASGFP control disc. The GFP stripe is intact (arrow) and actin levels are uniform across the disc
epithelium (seen in Z-section). Asterisk denotes location of the normal indentation found in a wild-type disc and corresponds to the location of the tube of
cells that run through the center of the disc, as in Fig. 1. (B) ptcGAL4 UASGFP activated-Notch. A deep crevice is seen within the epithelium (arrow in upper
panel) and increased actin levels are observed at the apical surface of the invaginating cells (arrow in Z-section). (C) ptcGAL4 UASGFP UASodd. A deep
and wide crevice is seen within the epithelium (arrow in upper panel) and increased actin levels are also observed at the apices of the invaginating cells (arrow
in Z-section). Asterisk denotes location of the normal indentation, as in (A).
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bowl mutant clones cause defects in leg segmentation
We also analyzed the requirement for bowl during leg
development, as bowl is expressed in a segmentally repeated
pattern in developing legs. bowl mutant clones within the
distal region of the leg were associated with tarsal segment
fusions; the joints, which separate each segment from the
next, fail to form within the mutant tissue (Fig. 8B and C).
Although joint loss is cell-autonomous within bowl mutant
clones, in some instances, when the mutant clone comprised
only a small portion of the leg, no defects in segmentation
were observed (data not shown). Presumably, this lack of an
effect is due to a nonautonomous rescue of joint formation
by neighboring wild-type cells, a phenomenon previously
described with Notch mutant clones (Rauskolb and Irvine,
1999). Within proximal leg segments, bowl mutant clones
Fig. 7. Ectopic odd does not induce the expression of joint markers. (A–D) ptcGAL4 UASGFP UASodd third instar leg discs. Cells ectopically expressing
odd coexpress GFP (green). (A) Nubbin expression (red). Expression is unchanged in cells ectopically expressing odd. Some cells expressing Nubbin are out
of the plane of focus (arrow). (B) E(spl)m-LacZ expression (red). Expression is normal despite the fact that disc morphology is distorted (arrow) due to
ectopic odd expression (some expression is out of the plane of focus and hence appears weaker in this section). (C) odd-LacZ expression (red). Some cells
expressing odd-LacZ are out of the plane of focus (arrow). (D) big brain-LacZ expression (red). (E) ptcGAL4 UASGFP UASodd pupal leg disc. Expression
of big brain-LacZ is severely disrupted within tarsal segments 1–4 (red), while Nubbin expression (blue) elsewhere remains normal. (F– I) ptcGAL4
UASGFP UASodd pretarsal region from third instar leg discs. The ectopic expression of odd (coexpressing GFP (green)) does not induce the expression of
the joint markers (F) Nubbin, (G) E(spl)m-LacZ, (H) odd-LacZ, or (I) big brain-LacZ. (J) ptcGAL4 UASGFP control leg disc. GFP (green) only is expressed.
big brain-LacZ expression is identical to that shown in (I).
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were not associated with leg segment fusions, but rather
with dark melanotic protrusions from the leg cuticle (Fig.
8D and E). Since joint formation requires a coordination of
cell shape change and cell movement (Fristrom and Fris-
trom, 1993; Mirth and Akam, 2002), these protrusions of
bowl mutant cells may represent a failure of these cells to
undergo the proper changes in cell shape or cell movement.
Indeed, the protrusions always occurred near the site of the
endogenous joint, while bowl mutant cells in the middle of
a leg segment behaved normally (Fig. 8D and E).
Since the surrounding wild-type cells can rescue the
segmentation defect of bowl mutant tissue if the clone is
small, we used the Minute technique to generate large bowl
mutant clones. In the adult leg, such clones severely disrupt
segmentation from the distal tibia to tarsal segment 5 by
causing segmental fusions (Fig. 8F). The tarsus is also
shortened in bowl clones covering much of the distal leg,
most likely a secondary consequence of the lack of segment
borders, which are thought to be the source of growth-
promoting factors (Milan and Cohen, 2000; Kerber et al.,
2001). Within proximal regions of the leg, from the coxa to
proximal tibia, bowl mutant clones do not cause leg segment
fusions (Fig. 8F). Together, these findings show that bowl is
required to promote segmentation in the leg, particularly
within the distal portion.
As some of the target genes regulated downstream of
Notch signaling feedback onto the Notch pathway by reg-
ulating the expression of the Notch ligands (Buckles et al.,
2001), we examined whether loss of bowl function affects
SER expression. bowl mutant clones located anywhere
within the leg disc, including in the presumptive tarsal
region, which is affected by bowl mutant clones, did not
show an altered pattern of SER expression (Fig. 8G). We
conclude that bowl functions downstream of Notch signal-
ing and does not feed back onto the Notch pathway.
Finally, we examined the consequences of ectopic bowl
expression on leg development. When bowl was expressed
along the A-P axis of the developing leg (ptcGAL4 UAS-
bowl), tarsal segment fusions were induced, although the
phenotype was weaker than observed for the other three
Fig. 8. bowl is required for leg segmentation. (A) Wild-type tibia-tarsal segment 1 joint. (B) bowl mutant clone (marked with yellow, to the right of the dashed
line) spanning the tibia–tarsal segment 1 joint. Joint formation occurs only in the wild-type tissue (arrow). (C) bowl mutant clone (marked with yellow, to
the left of the dashed line) spanning tarsal segments ta1–4. Joints form in the wild-type tissue (arrows), but not in the bowl mutant tissue at the ta2/3 and
ta3/4 segment borders. The ta1/2 joint appears largely unaffected in this example. (D) bowl mutant clone (bristles marked by yellow, with an asterisk)
spanning from the coxa to femur. Melanotic tissue formed at the coxa-trochanter segment border (arrow). (E) bowl mutant clone (marked with yellow, to the
left of the dashed line) spanning from the femur to tibia. Melanotic tissue formed at the femur–tibia segment border (arrow), but not elsewhere in the mutant
tissue. (F) bowl mutant clones (marked with forked) in a Minute background. Nearly the entire leg is composed of bowl mutant tissue. Joints fail to form
between segments extending from the tibia to tarsal segment ta5, whereas proximal joints form normally. (G) bowl mutant clones (outlined) in a late third
instar leg imaginal disc stained with antibodies against SER (red) and MYC (green; to identify clones). Expression of SER is unaffected by the absence of
bowl function. (H) ptcGAL4 UASbowl. Ectopic bowl expression can cause tarsal segment fusions. Joint structures are absent to the left of the arrows. (I)
DllGAL4 UASbowl. Ectopic expression of bowl causes tarsal segment fusions using this driver. co, coxa; tr, trochanter; fe, femur; ti, tibia; ta, tarsal
segment/tarsus.
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members of the odd-skipped gene family (Fig. 8H). Tarsal
segments 1 and 2 were most consistently fused together,
while occasionally, tarsal segments 2 and 3 were also fused.
However, in contrast to results obtained with odd, sob, and
drm, ectopic expression of bowl did not induce ectopic
segmentation, that is deep indentations into the leg cuticle,
along the A–P axis of the leg. On the other hand, as seen for
the other odd-skipped family members, ectopic expression
of bowl driven by DllGAL4 resulted in fusion of tarsal
segments (Fig. 8I cf. Fig. 4C, and data not shown), suggest-
ing that bowl must also be expressed in a repeating segmen-
tal pattern for segmentation to occur.
bowl does not act redundantly with drm
Notch mutant clones located in a ventral–anterior posi-
tion in the femur and tibia, as well as in any location in the
trochanter and coxa, are always associated with leg segment
fusions (de Celis et al., 1998; Rauskolb and Irvine, 1999).
However, as described above, mutant clones removing the
Notch targets odd, drm, or bowl individually do not affect
segmentation in these regions. One possible explanation is
genetic redundancy among the odd-skipped family genes, in
which case we might expect to observe leg segment fusions
in clones of cells doubly mutant for drm bowl in proximal
leg segments (i.e., in the coxa-tibia). We therefore analyzed
drm bowl mutant clones in a ventral–anterior location in the
femur and tibia, as well as clones in more proximal seg-
ments. In order to make large clones that would not be
rescued by wild-type neighboring cells, we made drm bowl
mutant clones in a Minute genetic background. Although
leg segment fusions were observed between tarsal seg-
ments, no leg segment fusions were observed in drm bowl
mutant clones located in proximal leg segments (Fig. 3C).
Rather, all observed phenotypes could be attributed to the
loss of bowl alone.
Discussion
Regulation of Joint Formation by odd, sob, and drm
Morphogenesis of the Drosophila leg joint involves dis-
tinct changes in cell behavior, including apical constrictions
of cells, changes in cell shape, and also likely changes in the
adhesion between cells (Fristrom and Fristrom, 1993; Mirth
and Akam, 2002). Detailed studies of Drosophila joint mor-
phogenesis have revealed that joints can be subdivided into
different territories based on characteristic cell shape
changes and gene expression profiles and their ultimate
contribution to a particular structure of the adult leg joint
(Mirth and Akam, 2002). Although joint morphogenesis
becomes evident during pupal stages of Drosophila devel-
opment, specification of the distinct cell populations fated to
participate in joint formation occurs during larval develop-
ment. The Notch signaling pathway plays a fundamental
role in specifying the formation of joints (Bishop et al.,
1999; de Celis et al., 1998; Rauskolb and Irvine, 1999).
Ultimately, however, it must be the target genes down-
stream of Notch signaling that define distinct joint territo-
ries.
Our studies show that the odd-skipped family is a key
group of genes induced upon Notch activation that promotes
morphological changes associated with joint formation dur-
ing leg development. Expression of odd, sob, and drm is
induced in cells responding to Notch activation; these cells
lie distal to Notch ligand-expressing cells. bowl expression
is also regulated by Notch (J.M. de Celis Ibeas and S.J.
Bray, personal communication). Ectopic expression of odd,
as well as loss of bowl function, does not alter the expres-
sion of Notch ligands. Hence, the morphological changes
induced by expression of these genes appear to be mediated
downstream of Notch activity. Ectopic expression of odd,
sob, and drm, like ectopic Notch activation, can cause al-
terations in the leg cuticle that resemble those that occur at
joints, including deep creases within the cuticle and an
absence of bristles. Importantly, their ectopic expression,
like ectopic Notch activation, induces cells to form an in-
vaginating furrow, while still remaining part of the disc
epithelium. Interestingly, during normal leg development,
mid-distal joint cells express odd; these are the same cells
that will invaginate and ultimately fold under proximal joint
cells (Mirth and Akam, 2002). Moreover, the cells that
invaginate because of their expression of odd, both in our
ectopic expression studies and in wild-type legs, accumulate
high levels of apical filamentous actin. Further support for
the idea that odd, sob, and drm control a specific aspect of
cell morphogenesis, an invagination, as opposed to being
more generally required for specifying joint fate, comes
from the observation that ectopic odd expression does not
induce the expression of other markers of joint fate, includ-
ing nubbin, E(spl)m, big brain, odd, and drm. This con-
trasts with the effect of Notch, which induces nubbin,
E(spl)m, big brain, odd, and drm expression (de Celis et
al., 1998; Rauskolb and Irvine, 1999; and this study). More-
over, FLP-out clones of Notch induce outgrowths of leg
tissue, whereas FLP-out clones of odd, drm, and sob were
not associated with leg outgrowths. Thus, while both ec-
topic Notch activation and ectopic odd or sob expression are
capable of inducing an invagination into the disc epithe-
lium, Notch activation must further organize additional as-
pects of joint formation and also leg growth. Taken to-
gether, our ectopic expression studies indicate that odd, sob,
and drm are Notch target genes that mediate a subset of the
activities of Notch during leg development, namely, they
promote a cell morphological change, an epithelial invagi-
nation, which normally occurs during joint formation.
Interestingly, the involvement of the odd-skipped family
of segmentation genes in promoting epithelial cellular
changes may not be unique to the leg joint. odd-LacZ is
expressed in the apodemes of the developing leg, which are
tubes of invaginating cells that serve as muscle attachment
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sites (Mirth and Akam, 2002). Thus, these genes may have
a role in promoting the apodeme invagination as well. odd
is also required for embryonic segmentation during which
segmental borders are defined by intersegmental furrows;
cells at the prospective segment boundary elongate and fold
into the epidermis (Coulter and Wieschaus, 1988; Martinez
Arias, 1993; Nusslein-Volhard and Wieschaus, 1980; Wang
and Coulter, 1996). While the relationship between odd
expression and cell morphology during embryonic segmen-
tation has not been elucidated, it is possible that one func-
tion of odd in segmentation is to orchestrate epithelial in-
vaginations. Thus, the odd-skipped gene family may be
required in multiple developmental contexts to induce epi-
thelial cellular changes, such as promoting an invagination,
as we have described here. Since the odd-skipped family
genes encode transcriptional regulators (Coulter et al., 1990;
DiNardo and O’Farrell, 1987; Green et al., 2002; Mullen
and DiNardo, 1995), we hypothesize that they regulate the
expression of genes involved in cytoskeletal architecture or
cell adhesion.
Interactions amongst odd-skipped family members
Our studies on the function of odd, sob, and drm suggest
that these genes may have a similar function during leg
development. They share a common expression pattern at
all stages of leg development, consistent also with their
overlapping expression in the embryo (Green et al., 2002;
Hart et al., 1996; Wang and Coulter, 1996). Importantly,
ectopic expression of each gene is capable of inducing the
same morphological changes in the adult cuticle and, for
odd and sob, the same cellular changes in the leg disc
epithelium. We thus suggest that odd, sob, and drm act
redundantly during leg segmentation. Hence, it is not sur-
prising that, when only one of the genes is removed, no
effect on leg development is observed. It will ultimately be
of interest to determine the phenotype of leg tissue triply
mutant for odd, sob, and drm.
bowl, on the other hand, may have adopted functions that
are independent of and/or not obscured by the other three
members of the family. bowl expression appears largely
distinct from the other three genes; its expression encom-
passes a broader domain that overlaps that of the other
genes in proximal segments and tarsal segment 5, while
bowl is the only odd-skipped family gene expressed in tarsal
segments 1–4. The identical expression profile of odd, sob,
and drm, yet distinct pattern of bowl, is also observed in
other tissues (Green et al., 2002; Hart et al., 1996; Wang and
Coulter, 1996; Johansen et al., 2003). The observation that
the odd-skipped family genes are expressed in overlapping
domains in a number of different developmental contexts
(Green et al., 2002; Hart et al., 1996), yet are not always
genetically redundant, suggests that their contribution to a
particular morphogenetic process may depend on their rel-
ative expression levels or their interaction with other pro-
teins in that particular tissue.
In fact, recently, it has been shown that a physical inter-
action between one of the odd-skipped family members,
Drm, and another transcriptional regulator, Lines, is impor-
tant during hindgut morphogenesis (Green et al., 2002). By
interacting with Lines, Drm inhibits Lines activity in the
embryonic hindgut, thereby allowing specification of the
small intestine. As the functionally significant Drm-Lines
interaction was mapped to the first zinc-finger of Drm, it is
conceivable that Odd, Sob, and Bowl may also interact with
Lines in other developing tissues (Green et al., 2002). In-
deed, this does seem to be the case as regulatory interactions
amongst Drm, Bowl, and Lines operate during the pattern-
ing of the embryonic dorsal epidermis and the foregut (V.
Hatini and S. DiNardo, personal communication; Johansen
et al., 2003). In these contexts, Lines inhibits Bowl, result-
ing in a particular cell type. The remaining cell types are
controlled by Drm, which activates Bowl by causing inhi-
bition of Lines.
Our results are consistent with this molecular genetic
circuit also functioning during Drosophila leg development.
Clones of cells mutant for bowl are unable to participate in
joint formation, resulting in melanotic protrusions from the
leg cuticle in proximal segments and in a fusion of tarsal
segments. The difference in the phenotype of bowl clones in
proximal versus tarsal segments may be because proximal
joints do not form in the same way as tarsal joints, although
some of the changes in cell behavior are presumably con-
served (Fristrom and Fristrom, 1993; Mirth and Akam,
2002). Notably, the difference does not appear to be due to
redundancy, because loss-of-function bowl mutations result
in the fusion of the tibia and tarsal segment ta1, despite the
fact that all four genes are expressed in the developing tibia.
Thus, odd, sob, and drm are insufficient to induce tibia-
tarsal 1 joint formation in the absence of bowl; the ability of
these genes to induce morphogenesis might be dependent in
some way on the expression of bowl. It has also recently
been reported that lines has a role during leg development
(Green et al., 2002). These results are all consistent with a
molecular model in which Bowl and Lines interact to reg-
ulate joint formation during leg development, although it
remains to be determined whether Lines inhibits Bowl func-
tion or whether a Bowl–Lines complex regulates the expres-
sion of genes effecting joint formation. We further propose
that formation of proximal leg joints requires the additional
contribution of Odd, Sob, and Drm, which act redundantly
to relieve the repression of Bowl by Lines. In such a model,
ptcGAL4-driven ectopic bowl expression would be insuffi-
cient to induce ectopic segmentation in the leg, as we have
observed, since Lines would repress Bowl and hence render
Bowl inactive. Also, drm bowl mutant clones would behave
similar to bowl mutant clones, as we have observed, as odd
and/or sob would compensate for the loss of drm. While
odd, sob, drm, and bowl may act together to regulate prox-
imal leg segmentation, it appears that only bowl is essential
to tarsal segmentation, as both our data and that of Mirth
and Akam (2003) indicates that odd, sob, and drm are not
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expressed in tarsal segments 1–4. This would suggest that
within tarsal segments 1–4 an alternative mechanism regu-
lates Bowl activity.
Note added in proof. The data cited as J.M. de Celis
Ibeas and S.J. Bray, personal communication, is now:
de Celis Ibeas, J.M., Bray, S.J., 2003. Bowl is required
downstream of Notch for elaboration of distal limb pattern-
ing. Development, in press.
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